INTRODUCTION
Chemokines-chemoattractant cytokines-are fundamental to the initiation and maintenance of inflammation. 1 Immune cells are drawn from the blood vessels into sites of damage or 'danger' by a myriad of soluble mediators released from a variety of cell types. Chemokines are recognized by membrane-spanning G-protein-coupled receptors, which relay signals into the cells that express them. Chemokines can bind one or more type of receptor, in various combinations and affinity hierarchies. The end resultmovement of immune cells along a chemokine gradient from low to high concentrations-is called chemotaxis. Many soluble mediators also attract immune cells on a solid matrix, such as the endothelial cell wall. This movement, called haptotaxis, underlies the multistep process of immune cell exit from blood vessels into tissue ( Figure 1 ). 2 Chemokines, their receptors, and the initiation and maintenance of inflammation have all been recently reviewed. 1, 3, 4 We first identified the RANTES gene (regulated upon activation, normal T cell expressed and secreted; also known as CC-chemokine ligand 5 [CCL5]) in a search for genes expressed by human T lymphocytes at a 'late' stage (3-5 days) after activation through their T-cell receptors. 5 RANTES is of broad clinical importance in an array of human diseases including AIDS, cancer, atherosclerosis, asthma, transplantation, and autoimmune diseases such as arthritis, diabetes and glomerulonephritis; 6 Box 1 lists a variety of renal diseases in which expression of RANTES is involved. RANTES binds to three types of chemokine receptor; CCR5 (CC-chemokine receptor 5), a major RANTES receptor, is also important as a coreceptor for HIV uptake into immune cells. 7 For all of these reasons, RANTES and its receptors are important pharmaceutical targets.
Most chemokines are expressed as 'immediate early' genes in monocytes, epithelial cells and fibroblasts within minutes of cell damage. This expression is regulated through JAK/STAT Chemokines (chemoattractant cytokines) are fundamental regulators of immune cell movement from the bloodstream into tissues. Regulating expression of chemokines might, therefore, alleviate inflammation in autoimmune diseases and transplant rejection, or augment immune responses in cancer and immunodeficiency. RANTES (regulated upon activation, normal T cell expressed and secreted [also known as CCL5]) is a model chemokine of relevance to a myriad of diseases. Regulation of RANTES expression is complex. In fibroblasts and monocytes, rel proteins alone suffice to induce transcription of RANTES. By contrast, expression of RANTES in T lymphocytes 3-5 days after activation requires the development of a molecular complex (enhancesome) including KLF13 (Krueppel-like factor 13), rel proteins p50 and p65, and scaffolding proteins. This complex recruits enzymes involved in acetylation, methylation and phosphorylation of chromatin, and ultimately in the expression of RANTES. In addition, KLF13-the lynchpin for recruitment of this molecular complex-is itself translationally regulated. Such complex regulation of biological systems has major implications for the rational design of drugs aimed at increasing or decreasing inflammatory responses in patients.
pathways and involves rel proteins of the NFκB (nuclear factor kappa-B) family of trans cription factors. 8 By contrast, RANTES is expressed 3-5 days after T cell activation. 5 This unusual kinetic profile is important for maintenance of inflammation, facilitating expansion of the inflammatory infiltrate in both space and time. As RANTES is broadly chemoattractive for T lymphocytes, monocytes, natural killer cells, basophils and eosinophils, and can also activate immune cells, the mechanism of late expression is interesting from both a biological and pharmaceutical perspective. 9 Increasing RANTES expression might have therapeutic value in diseases such as HIV and cancer. Decreasing RANTES expression could prove to be therapeutic for atherosclerosis, transplantation and autoimmune diseases. Detailed evaluation of the mechanism of expression of RANTES in T lymphocytes at late postactivation stages has, therefore, been undertaken. 10
IDENTIFICATION AND CHARACTERIZATION OF RANTES
RANTES was identified by subtractive hybridization screening for genes expressed by human T lymphocytes 3-5 days after activation but never expressed by human B cells. 5 RANTES and a cytolytic molecule, granulysin, 11,12 were identified using this screening method. The importance of RANTES in renal disease was first apparent in a study of renal transplants undergoing rejection. 13 Rejecting grafts exhibited large amounts of RANTES bound to the vascular endothelium while controls did not. We now know that RANTES released from stromal cells in damaged tissues binds to glycosaminoglycans on the endothelium, where it serves as a 'signpost' for recruitment of immune cells (Figure 2) . Expression of high levels of RANTES is associated with a wide range of immune-mediated diseases including glomerulonephritides and interstitial nephritides. 14 
TRANSCRIPTIONAL REGULATION OF RANTES EXPRESSION
Electrophoretic mobility gel shift and reporter gene assays were used to identify transcription factors regulating RANTES expression ( Figure 3 ). 15 A 'developmental switch' in T lymphocytes was described. 16, 17 Known transcription factors, including nuclear factor of activated T cells 1 (NFAT1) and nuclear factor of interleukin 6 (NF-IL6), are expressed within the first 2 days of T cell activation, and their expression declines over 2-3 days. By contrast, novel transcription factors that bound to the RANTES promoter showed 'late' kinetics, mirroring RANTES expression. Some transcription factors, such as RFLAT-1 (RANTES factor of late activated T lymphocytes 1, now known as Krueppel-like factor 13 [KLF13]), are expressed 'late' after T cell activation and their levels remain elevated in long-term T cell lines, and in memory and cytotoxic T lymphocytes. Other transcription factors, such as a factor that binds the C region of the RANTES promoter, are expressed late but only transiently; expression returns to baseline levels 5-7 days after T cell activation. RANTES promoter polymorphisms associated with asthma, eczema and resistance to HIV have been described. 6,9
REGULATION OF RANTES EXPRESSION IN T LYMPHOCYTES BY KLF13
Rel proteins are sufficient for transcriptional induction of RANTES expression in stromal cells such as fibroblasts. 15 Reporter gene assays demonstrated that a very short segment of the upstream region of the RANTES promoter was required for 'late' expression in T lymphocytes. The assays also showed that this expression was dependent upon rel proteins binding the A and B regions of the RANTES promoter, and on a novel factor binding the A region. Song et al. used expression cloning to identify the novel factor binding the A site and regulating RANTES expression in T lymphocytes. 15 This factor, now known as KLF13, binds to the A site of the RANTES promoter. If this region is replaced or deleted, late expression of RANTES in T lymphocytes does not occur. Reporter gene assays demonstrated that the rel proteins p50 and p65, as homodimers and heterodimers, are sufficient to induce RANTES expression in fibroblasts or other stromal cell types, but that the late expression evident in T lymphocytes depended on the combination of rel proteins and KLF13.
TRANSLATIONAL REGULATION OF KLF13
Remarkably, although KLF13 messenger RNA is present in a variety of cell types and at all time points after T cell activation, the cell and tissue distribution of KLF13 protein is much more limited. 15 KLF13 protein is expressed only 3-5 days after T cell activation, coincident with RANTES expression. 15 A series of studies showed that KLF13 is translationally regulated, like another Box 1 RANTES expression in renal disease.
Renal injury
Acute renal failure 25 Nephrotoxic serum nephritis 26 Interstitial nephritis 14,27,28 HIV nephropathy 29 Pyelonephritis 30 Renal obstruction 31, 32 Glomerulonephritis/nephrotic syndrome Glomerulonephritis 33, 34, 35, 36 Systemic lupus erythematosus 37, 38 Hepatitis C-associated glomerulonephritis 39 IgA nephropathy 40, 41 Focal segmental glomerulosclerosis 42 Diabetic nephropathy 43, 44 Membranous nephropathy 45 Nephrotic syndrome 46 Wegener's granulomatosis 47, 48, 49 Chronic kidney disease/progression Chronic kidney disease 50 Uremia/dialysis 51, 52, 53 Glomerulosclerosis of aging 54
Renal transplant rejection Transplant rejection 6,13,55
Renal cancer
Renal cell carcinoma 56, 57 member of the KLF family, BTEB, and many other factors involved in cell growth and activation (Box 2). 18,19 Thus, memory T lymphocytes normally express messenger RNA for RANTES but not RANTES protein. After activation with growth factors, such as interleukin 2, or through mitogen-activated protein (MAP) kinase 'stress' pathways, initiation factors are expressed in T lymphocytes, leading to the translation of the KLF13 messenger RNA and de novo expression of RANTES protein. This rapid process is responsible for a rheostat effect whereby RANTES protein can be quickly expressed and released after stimulation of a T cell that has already been exposed to antigen. This is in contradistinction to the 3-5 days required to induce RANTES expression in a naive T cell, as described above.
REGULATION OF RANTES EXPRESSION IN T LYMPHOCYTES BY ENHANCESOMES
Recent studies indicate that a complex of multiple factors that bind to and modify DNA is involved in RANTES expression. 20 Figure 3) . 20,23 SPBP, like CBP/p300 (cyclic AMP response element binding protein/p300), can function as a scaffold protein, binding several factors that might or might not also interact directly with DNA in the RANTES promoter.
CHROMATIN REMODELING
Proteins in the transcription complex contribute to chromatin remodeling; acetylation, phosphorylation and methylation of chromatin are involved in 'late' expression of RANTES in T lymphocytes. 20 The observed binding of CBP/p300 to the RANTES promoter indicated that chromatin remodeling might be important in 'late' expression of RANTES in T lymphocytes. A number of enzymes with acetylase, methy lase and phosphorylase activities that bind to transcrip tion factor complexes and modify chromatin structure have been described. KLF13 is a 'lynchpin' for recruitment of numerous factors involved in chromatin remodeling. These factors open RANTES promoter DNA, permitting transcrip tion (Figure 4) . Approximately 3 days after activation of T lympho cytes via their antigen-specific T cell receptors in the context of co-stimulation, 24 KLF13 binds its core binding element on the complex binds a nearby CRE (cyclic AMP response element) on the RANTES promoter and recruits CBP/p300. PCAF (p300/CBPassociated factor) 20 and PRMT1 (protein arginine N-methyltransferase 1) are in turn recruited to the RANTES promoter by CBP/p300. The ATPase BRG-1 (Brahma-related gene protein 1) associates with the RANTES promoter via interaction with KLF13, resulting in recruitment of polymerase II to the TATA box and initiation of RANTES transcription ( Figure 4A ). In resting T lymphocytes, RANTES chromatin is in closed conformation (hetero chromatin) and the promoter is transcriptionally silent ( Figure 4B, left panel) . After T lymphocyte activation, the series of molecular inter actions described above leads to phosphorylation of histone H3 by NLK, acetylation of histone H3 by CBP/p300, methylation of histone H4 by PRMT1, and acetylation of histone H4 by PCAF ( Figure 4B , right panel). This initiates ATPdependent chromatin remodeling at the A site of the RANTES promoter in asso ciation with KLF13 and BRG-1. ATP-dependent remodel ing twists and/or deforms chromatin into an open conformation (euchromatin) that is transcriptionally active, permitting binding of polymerase II to the TATA box and transcription of RANTES.
CONCLUSIONS
The 'new biology' applied to identification and development of novel pharmaceuticals depends upon a linear understanding of signal transduction. Studies of the regulation of RANTES have revealed complex molecular interactions and biological pathways. Single agents intended to interrupt binding between any two molecules might not be efficacious in such pathways. Most of the drugs in current use are 'biologics' (drugs first identified in living organisms, e.g. steroids, ciclosporin, tacrolimus and sirolimus) that act at several levels within cellular pathways. Biologics undoubtedly have more-complex mechanisms of action than are presently understood, and exert effects at several different points in signal transduction pathways. New computer-based approaches to systems biology, and appreciation of the multifactorial nature of cell signaling and function-associated pathways, might be required for rational design of new drugs to interrupt or mimic components of biological systems. AC, acetylation; AP-1, activator protein 1; Brg-1, Brahma-related gene 1 protein (ATPase); cAMP, cyclic AMP; CBP/p300, cyclic AMP response element binding protein/p300; CRE, cyclic AMP response element; CREB/ATF, phospho-cAMP response element binding protein/activation transcription factor; G, G protein; H, histone; Jun D, transcription factor jun-D; K + , potassium; K8, lysine at amino acid 8 ; K14, lysine at amino acid 14; KLF13, Krueppel-like factor 13; Me, methylation; NLK, Nemo-like kinase; P, phosphorylation; PCAF, p300/CBPassociated factor; PIP2, phosphoinositol phosphate 2; PKC, protein kinase C; Pol II, polymerase II; PRMT1, protein arginine N-methyltransferase 1; RANTES, regulated upon activation, normal T cell expressed and secreted; R3, arginine at amino acid 3; S10, serine at amino acid 10. The studies detailed here are part of a new chapter in the search for novel therapies. Their immediate relevance to clinical disease in general, and renal disease in particular, is as a contribution to a basic understanding of the role of epigenetic mechanisms in regulating gene expression. Nonheritable modifications-including methylation, acetylation, and phosphorylation of histone-contribute to gene expression and silencing. As epigenetic alterations are reversible, drugs can and have been designed to impact gene expression and effector function. Histone deacetyl ase inhibitors are already emerging as potential therapeutics for cancer and inflammation. New drugs are in the pipeline; their ultimate utility as thera peutics will depend upon their safety and specificity of action. 
